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Both bulk and mesoporous silica nanoparticles can be obtained
in the form of granular aggregates using chitosan ﬂakes as
additive under very soft biomimetic reaction conditions.
Biomineralization, that is the formation under extremely soft
conditions of complex hierarchical inorganic materials by
biological systems, is an exciting research ﬁeld of increasing
interest.1 Indeed, while technological silica production usually
requires vigorous conditions at high pH,2 certain marine
organisms and some higher plants are capable of forming
silica skeletons under mild temperature and pressure conditions
at circumneutral pH.1,3,4 Such in vivo processes generating
intricate silica nano and macro-scale patterns are species-
speciﬁc, presumably encoded in the genome;5–7 the possibility
of controlling them in the laboratory remains a long-term
major challenge. Notwithstanding, there have been diﬀerent
biomolecules identiﬁed like silicatein, silaﬃn and polyamines,
which can play key roles in the hydrolysis, condensation and
aggregation of the silica species.3,4,8
Silica is widely used in industry, medicine and nano-
technology in a huge variety of forms.2,7,9 This, coupled with
the insuﬃciency of natural products of adequate purity
and the scientiﬁc interest, justiﬁes the search for bioinspired
synthesis8,10 leading to new silica-based materials with simple
hierarchical structures or, at least, allowing silica production
under soft-conditions (low-cost strategies). Then, inspired by
nature, a variety of reagents have been added to check in vitro
siliciﬁcation processes in solution.11,12 These additives, which
intend to mimic the active natural molecules, can play diﬀerent
roles: catalysts, aggregation promoting reagents or structural
directing agents. Otherwise, silicatein, silaﬃn and polyamines
have been identiﬁed as constituents of the axial ﬁlaments in
sponges and the cell walls in diatoms.3,8,9 Although this fact
strongly suggests that they process silica in the heterogeneous
phase, as far as we know, there is no information about in vitro
processes carried out under this conditioning (i.e. on the role
of solid phase additives).
Here we show how using solid ﬂakes of chitosan (a commercial
and low-cost biopolymer present in the shells of crustaceans
and the cell walls of fungi and yeast, as well as in squid pens)13
as additive, it is possible to promote silica polymerization and
aggregation in the heterogeneous phase at room temperature,
neutral pH and silica concentrations as low as those occurring
in sea water or inside the diatom frustules. Our procedural
approach leads to bulk biosilica nanoparticles or, alter-
natively, to similar mesoporous architectures when structural
directing agents (SDA) are also added.
In order to mimic frustule conditions,6,14 we have performed
the reactions in circulating silica solutions on chitosan ﬂakes
blocked in a part of the system in order to favour a certain
conﬁning eﬀect (see ESIw). Summarized in Table 1 are the
main parameters concerning syntheses of some selected bulk
and mesoporous samples. Experiments were carried out at
25 1C in circulating (0.05 ml/s cm2) silica solutions. Syntheses
in static conditions were also performed for comparative
purposes. The circumneutral pH conditions were stabilized
by using a buﬀer solution (Na-phosphate) or simulated sea
water.15 TEOS was used as silica source with concentrations
ranging from 0.001 M to 0.1 M (i.e. typical values inside the
intracellular pools in diatoms before and after the deposition
step). When compared to other previously described bio-
mimetic syntheses, the amount of additive (chitosan) used
here is small.11 Moreover, the proportion of active amine
groups is extremely low because only those located at the
ﬂake surface (the estimated average ratio of surface/volume
amine groups is ca. 3.6  107) could interact with silica
species (‘‘local or surface pH’’). Some experiments assisted by
the presence of surfactants as SDA16 have been performed in
order to test the availability of mesoporous silicas under these
biommimetic conditions. Blank experiments (without chitosan)
were carried out for comparative purposes.
In the experiment performed in the absence of chitosan at
neutral pH, no solid formation was detected after long reac-
tion times (ca. 1 week). Under these conditions, the hydrolysis
of TEOS is extremely slow (with its minimum rate precisely at
pH= 7).2,17 On the contrary, when chitosan ﬂakes are present
in the reactor the hydrolysis of TEOS proceeds faster leading
to silica nanoparticles through condensation reactions. In the
presence of SDA species, when condensation is coupled with
self-assembling through ionic (CTABr) or van der Waals
silica-surfactant micelle interactions (P123), mesoporous silica
nanoparticles can be isolated.
After a certain reaction time, the starting transparent solu-
tions become opaque as a consequence of silica particles
aggregation. Under dynamic and static experiments, turbidity
starts around the chitosan ﬂakes and ﬁnally extends to the
whole solution. In the presence of SDA additives, the turbidity
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increases much more rapidly, and especially when CTABr is
used. This behaviour, which cannot be attributed to the
chitosan activity, must be associated to the intrinsic character
of the silica formation processes17 and also to the nature of the
silica–SDA interaction (self-assembling through N0I0 van der
Waals or an S+Iionic mechanism).
Both the ﬁnal (partially coated) chitosan ﬂakes and the solid
suspended in the solutions were studied by SEM. All the silicas
synthesized in the presence of chitosan appear as materials
with a granular texture. Shown in Fig. 1 are SEM images of
bulk biosilicas synthesized by using an extremely low silica
concentration (1 mM) in 1M Na-phosphate buﬀer solution or
simulated sea water reaction medium. In both cases, we obtain
aggregates of irregular amorphous silica particles showing
a certain proportion of textural-like porosity (see ESIw).
Diﬀerences observed among mean particle sizes are correlated
with the buﬀer nature and concentration (see ESIw).
The particle size diﬀerences become practically inexistent
when CTABr is added (Fig. 2). The experiments give similar
particle size distributions (centred at ca. 140 nm) irrespective
of the reactionmedium and TEOS concentration (0.1 mM–0.1M)
used. In these surfactant-assisted syntheses, while preserving
the biomimetic conditions, the strong ionic interactions among
silica oligomers and surfactant aggregates dominate the global
process and limit the possible modulation of size or shape.
Also the texture and morphology are preserved. The use
of relatively concentrated Si solutions (0.1 M) favours the
precipitation of regular spherical particles after reaction times
of only a few seconds, with a reasonable yield.
As conﬁrmed by XRD and TEM (Fig. 3), we have actually
synthesized (surfactant-assisted) MCM-41-like disordered
silicas under biomimetic conditions. All materials synthesised
by using CTABr display XRD patterns with a unique and
strong diﬀraction peak in the low-angle domain, which is
characteristic of disordered solids. TEM images also conﬁrm
the regular and spherical morphology observed by SEM
bringing out an architecture based on aggregates of spherical
mesoporous particles describing large inter-particle voids.
The porosity is further illustrated by the N2 adsorption–
desorption isotherms (Fig. 4). As can be noted, the curves
show two well-deﬁned adsorption steps associated to the intra-
and inter-nanoparticle mesopores. The resulting silica display
high BET surface areas (ca. 566 m2/g) and conventional
narrow pore size (BJH) distributions centred at ca. 2.9 nm.
Nevertheless a signiﬁcant increase of pore wall thickness
(a0-BJH) of ca. 4.6 nm is achieved, when compared to
MCM-41 (1.6–1.8 nm). At circumneutral pH values there is
an extremely low proportion of charged silicon species in
solution.2 Then, a large polymerization degree (originating
from thicker walls) seems to be necessary to achieve the
minimum negative charge density at the surface to interact










Blank 0.1 Na-Phosphate-1 M 6.7 168
1 Nanoparticles 0.001 9  106 D Na-Phosphate-1 M 6.7 120 110–140
2 Nanoparticles 0.001 5  106 D Simulated sea water-0.5 M 7.8 120 60–80
3 Nanoparticles 0.1 4  108 S Na-Phosphate-1 M 6.7 120 30–40
4 Nanoparticles 0.1 4  108 S Simulated sea water-0.5 M 7.8 120 20–30
5 MCM-41-like 0.001 9  106 0.26 CTABr: Si D Na-Phosphate–1 M 6.7 96 130–170
6 MCM-41-like 0.1 4  108 0.26 CTABr: Si S Na-Phosphate-1 M 6.7 24 130–150
7 MCM-41-like 0.1 4  108 0.26 CTABr: Si S Simulated sea water-0.5 M 7.8 24 120–140
8 SBA-16-like 0.1 4  108 0.01 P123: Si S Simulated sea water-0.5 M 7.8 48 100–180
a Estimated proportion of amine groups based on the chitosan ﬂake weight and surface. b D = Dynamic; S = Static. c Particle size range from
SEM images.
Fig. 1 Representative SEM images of bulk silica particles. (a) Sample
1. (b) Sample 2.
Fig. 2 Representative SEM images of mesoporous silica particles.
(a) Sample 6. (b) Sample 7. Fig. 3 XRD pattern and TEM image of Sample 7.
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with surfactant entities.18 This feature warrants better thermal,
hydrothermal and mechanic stability. Under the extremely low
CTABr concentration used (far from cmc), isolated molecules
or small surfactant aggregates are expected. The lack of balance
between the sizes of inorganic and organic counterparts favours
the isolation of disordered materials.
Total loss of order and a low porosity characterize silica
obtained when pluronic block copolymers (P123) were used as
SDA. A higher variation in particle size was observed when
compared to MCM-41-like biosilicas (see TEM in ESIw). The
shape of the N2 adsorption–desorption isotherms (see ESIw),
with a large hysteresis phenomena, indicates the existence of
open cage-like mesopores besides a signiﬁcant proportion of
voids corresponding to closed pores. These features suggest
that, under the biomimetic conditions used, the porosity
achieved through the use of P123 as SDA must be viewed as
originating from micelle entrapment during the silica growing
instead of a true self-assembling process. The extremely weak
N0I0 interaction between large silica oligomers and P123
aggregates must be responsible for the low porosity and low
degree of order achieved.
The chitosan lacks a structure directing eﬀect, but obviously
promotes silica growth in biomimetic conditions. Terminal
amine groups on the chitosan surface seem to play a bi-functional
role, promoting both the silica hydrolysis/condensation and
the subsequent aggregation processes. In fact, the chitosan
terminal amines could catalyze TEOS hydrolysis through an
SN2 mechanism. Silica monomers (or small oligomers) can be
adsorbed on to the protonated amino groups, and the
subsequent polymerization and particle growing become
possible because of the proximity among charged amine
groups (see ESIw), without prejudicing further polymerization
in solution. Then, the relatively high amine availability at the
chitosan surface, which can be thought of as a ‘‘high local
pH’’, constitutes the key factor in the present biomimetic
strategy. In fact, a signiﬁcant drop in silica formation eﬃ-
ciency is observed when similar amine concentrations in the
form of soluble amines (ammonia or alkylamines) were used.
The use of ammonia leads to a low silica formation after ca.
one weak. When alkylamines were used, silica precipitation
occurs after 1–2 days. Probably, the tendency of alkylamines
to associate in the form of (pre)micellar entities favours a
certain amine local concentration enough to increase the silica
aggregation when compared to ammonia.
Once the possible role of chitosan under biomimetic condi-
tions is understood, we can develop a bioinspired strategy for
synthesizing silica-based materials under soft conditions. Thus,
in order to achieve high reaction yields and short reaction times,
we can increase both the TEOS concentration (0.5–1 M) and
the chitosan amount (100). Under these modiﬁed conditions,
turbidity and subsequent precipitation occurs after reaction
times ranging from a few seconds (MCM-41-like silicas) to
some hours (amorphous silicas). In contrast to previously
described biomimetic/bioinspired syntheses, the fact that the
additive works in the heterogeneous (solid) phase results in
amine-free ﬁnal solids, which actually can be considered as pure
silica materials. Moreover, this solid additive can be easily
removed by ﬁltration and reused.
In short, we describe for the ﬁrst time the use in the
heterogeneous phase of an additive able to promote silica
formation and aggregation in the form of bulk or mesoporous
particles working under extremely soft conditions mimicking
the in vivo processes occurring in diatoms.
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